The magnetic ground state of the Eu 2+ moments in a series of Eu(Fe1−xCox)2As2 single crystals grown from the Sn flux has been investigated in detail by neutron diffraction measurements. Combined with the results from the macroscopic properties (resistivity, magnetic susceptibility and specific heat) measurements, a phase diagram describing how the Eu magnetic order evolves with Co doping in Eu(Fe1−xCox)2As2 is established. The ground-state magnetic structure of the Eu 2+ spins is found to develop from the A-type antiferromagnetic (AFM) order in the parent compound, via the A-type canted AFM structure with some net ferromagnetic (FM) moment component along the crystallographic c direction at intermediate Co doping levels, finally to the pure FM order at relatively high Co doping levels. The ordering temperature of Eu declines linearly at first, reaches the minimum value of 16.5(2) K around x = 0.100(4), and then reverses upwards with further Co doping. The doping-induced modification of the indirect Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction between the Eu 2+ moments, which is mediated by the conduction d electrons on the (Fe,Co)As layers, as well as the change of the strength of the direct interaction between the Eu 2+ and Fe 2+ moments, might be responsible for the change of the magnetic ground state and the ordering temperature of the Eu sublattice. In addition, for Eu(Fe1−xCox)2As2 single crystals with 0.10 x 0.18, strong ferromagnetism from the Eu sublattice is well developed in the superconducting state, where a spontaneous vortex state is expected to account for the compromise between the two competing phenomena.
The magnetic ground state of the Eu 2+ moments in a series of Eu(Fe1−xCox)2As2 single crystals grown from the Sn flux has been investigated in detail by neutron diffraction measurements. Combined with the results from the macroscopic properties (resistivity, magnetic susceptibility and specific heat) measurements, a phase diagram describing how the Eu magnetic order evolves with Co doping in Eu(Fe1−xCox)2As2 is established. The ground-state magnetic structure of the Eu 2+ spins is found to develop from the A-type antiferromagnetic (AFM) order in the parent compound, via the A-type canted AFM structure with some net ferromagnetic (FM) moment component along the crystallographic c direction at intermediate Co doping levels, finally to the pure FM order at relatively high Co doping levels. The ordering temperature of Eu declines linearly at first, reaches the minimum value of 16.5(2) K around x = 0.100 (4) , and then reverses upwards with further Co doping. The doping-induced modification of the indirect Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction between the Eu 2+ moments, which is mediated by the conduction d electrons on the (Fe,Co)As layers, as well as the change of the strength of the direct interaction between the Eu 2+ and Fe 2+ moments, might be responsible for the change of the magnetic ground state and the ordering temperature of the Eu sublattice. In addition, for Eu(Fe1−xCox)2As2 single crystals with 0.10 x 0.18, strong ferromagnetism from the Eu sublattice is well developed in the superconducting state, where a spontaneous vortex state is expected to account for the compromise between the two competing phenomena. 
I. INTRODUCTION
Iron-based superconductors discovered in 2008 1 have provided new opportunities to study the interplay between superconductivity (SC) and magnetism, as the SC in these new materials was found to emerge based on the suppression of static long-range ordered antiferromagnetism, 2, 3 similar to that in unconventional cuprate superconductors. 4 The ternary "122" AFe 2 As 2 (with A = Ba, Sr, Ca, or Eu) parent compounds, which crystallize in the tetragonal ThCr 2 Si 2 type structure, stand out as model systems for researches, since large, highquality single crystals are available and various methods of tuning towards the SC have been reported. 2, 5 EuFe 2 As 2 is a special member of the "122" family, since the A site is occupied by an S -state (orbital moment L = 0) Eu 2+ rare earth ion. In a purely ionic picture, it has a 4f 7 electronic configuration and a total electron spin S = 7/2, corresponding to a theoretical effective magnetic moment of 7.94 µ B . 6 This compound exhibits a spin-densitywave (SDW) ordering of the itinerant Fe moments concomitant with a tetragonal-to-orthorhombic structural phase transition below 190 K. In addition, the localized Eu 2+ spins order below 19 K in an A-type antiferromagnetic (AFM) structure (ferromagnetic layers stacking antiferromagnetically along the c direction). 7, 8 Superconductivity can be achieved in this system by suppressing the SDW ordering of Fe in the form of chemical substitution [9] [10] [11] [12] [13] or applying external pressure. 14, 15 For example, by hole doping with partial substitution of K for Eu, Eu 0.5 K 0.5 Fe 2 As 2 shows SC below the superconducting transition temperatureT sc = 32 K. 9 Isovalent substitution of P into the As sites can also give rise to the SC with T sc over 20 K. 10, 16 Nevertheless, for the electron-doped Eu(Fe 1−x Co x ) 2 As 2 system, the reports about its physical properties remain quite controversial. Jiang et al . first discovered the onset of SC at T sc ∼ 21 K in the Eu(Fe 0.89 Co 0.11 ) 2 As 2 single crystals grown using (Fe, Co)As as the self-flux. 11 However, no zero-resistivity state was achieved in Ref. 11 as well as in other selfflux-grown Eu(Fe 1−x Co x ) 2 As 2 single crystals. 17, 18 To the best of our knowledge, so far the zero-resistivity state in Eu(Fe 1−x Co x ) 2 As 2 was only realized in the single crystals grown using Sn as the flux, but with relatively lower superconducting transition temperature (T sc ∼ 10 K). [19] [20] [21] [22] In addition, the SDW order in the self-flux-grown crystals was found to be suppressed much faster upon Co doping than that in the Sn-flux-grown crystals. 17, 20 It is quite clear that the physical properties of the Eu(Fe 1−x Co x ) 2 As 2 single crystals strongly depend on the growth techniques. Furthermore, in contrast to EuFe 2 (As 1−x P x ) 2 system whose phase diagram was already thoroughly investigated, 16, [23] [24] [25] [26] a specific phase diagram of Eu(Fe 1−x Co x ) 2 As 2 describing how the magnetic order of the Eu 2+ moments develops with Co doping and how it is linked with the occurrence of SC has not been established yet.
Here we have performed comprehensive and systematic studies on single crystals of Eu(Fe 1−x Co x ) 2 As 2 with different Co-doping levels grown from the Sn flux. We have microscopically investigated the evolution of the ground-state Eu 2+ magnetic order with Co doping by single-crystal neutron diffraction measurements, and have established the phase diagram of Sn-flux-grown Eu(Fe 1−x Co x ) 2 As 2 single crystals based on both macroscopic and microscopic measurements.
II. EXPERIMENTAL DETAILS
Single crystals of Eu(Fe 1−x Co x ) 2 As 2 with x = 0.014(2), 0.027(2), 0.053(2), 0.075(2), 0.100(4) and 0.180(5) were grown from the Sn-flux. 27 The concentration of Co (x ) was determined by wavelength dispersive spectroscopy (WDS) for the crystals with x = 0.075(2) and 0.180 (5) . Considering that the compounds with x = 0 (parent compound), x = 0.075 (2) and 0.180(5) undergo the structural transition at T s = 190 K (Ref. 8) , 150 K (as presented below in Fig. 1 ) and 90 K (Ref. 22) , respectively, T s is believed to decrease linearly with the Co concentration in this system. The x values for the other four crystals were determined using linear extrapolation method according to their T s values shown respectively in the resistivity measurements (Fig. 1) . All crystals were platelike with dimensions up to 5 × 5 × 1 mm 3 with the c axis perpendicular to their surfaces. The neutron diffraction measurements were performed on the hot-neutron four-circle diffractometer HEiDi 28 and the diffuse scattering cold-neutron spectrometer DNS 29 at the Heinz Maier-Leibnitz Zentrum (Garching, Germany), the thermal-neutron four-circle diffractometer TriCS 30 at Paul Scherrer Institute (Villigen, Switzerland), and thermal-neutron two-axis diffractometer D23 at Institut Laue Langevin (Grenoble, France), respectively. The experimental conditions for different compositions are summarized in Table  1 .
Although the absorption effect of Eu for the cold neutrons with λ = 4.2 Åat DNS is quite severe, the thin platelike shape of the chosen crystals together with the large moment size (∼ 7 µ B ) of the Eu 2+ spins made the neutron measurements feasible. 7, 32 At DNS, the [0, 1, 0] direction of the crystal was aligned perpendicular to the horizontal scattering plane so that the (H, 0, L) reciprocal plane can be mapped out by rotating the sample. Throughout this paper, the orthorhombic notation (space group F mmm) will be used for convenience. Crystals from the same batches were characterized by macroscopic measurements including the resistivity, heat capacity and magnetic susceptibility, using the Quantum Design physical property measurement system (PPMS) and Quantum Design magnetic property measurement system (MPMS). Figure 1 shows the temperature dependences of the normalized in-plane resistivity (ρ ab ) of Eu(Fe 1−x Co x ) 2 As 2 single crystals with x = 0.014(2), 0.027(2), 0.053(2), 0.075(2), 0.100(4), and 0.180(5), respectively. For the parent compound EuFe 2 As 2 (x = 0), an upturn around 190 K was observed in the ρ(T ) curve, due to the opening of a gap at the Fermi surface associated with the SDW order and structural transition. 9 Upon Co doping, it is clear that the structural phase transition (T s ) gets gradually suppressed, as shown in Fig. 1 . The signatures of superconductivity set in for x = 0.075(2), as its resistivity descends abruptly below T SC = 11.4(7) K. For x = 0.100(4), the resistivity shows a drastic drop below T SC = 10.1(4) K (see the inset of Fig. 1 ) and almost reaches zero. For x = 0.18, although the SDW order and structural transition are not completely suppressed (as confirmed by previous neutron diffraction measurement), 22 the resistivity drops sharply below T SC = 8.3(3) K and finally a zero-resistance state is achieved. Figure 2 summarizes the temperature dependences of the dc magnetic susceptibility (χ c ) of the Eu(Fe 1−x Co x ) 2 As 2 single crystals below 25 K, measured in the zero-field-cooling (ZFC) and field-cooling (FC) processes, respectively, in a small applied field (10 Oe or 30 Oe) parallel to the c-axis. For all six samples, the bifurcation between ZFC and FC curves develops below the ordering temperature of the Eu 2+ moments (T Eu ). With Co doping, T Eu decreases from 19 K in the parent compound (x = 0), to 18.5(1) K for x = 0.014(2), 18.1(1) K for x = 0.027(2), 17.6(1) K for x = 0.053(2), 17.0(1) K for x = 0.075(2), finally to 16.5(1) K for x = 0.100(4) (see also (1) to 17.0(1) K for x = 0.180(5). 22 Note that T Eu reaches 39 K for the end member EuCo 2 As 2 with x = 1, as reported by Ballinger et al. 33 The tendency that T Eu initially gets suppressed with doping and then reverses upwards after reaching a minimum value around x = 0.100(4) in Eu(Fe 1−x Co x ) 2 As 2 is also confirmed by the heat capacity and neutron diffraction measurements, which will be presented below. It is noticeable that χ c of the samples with x = 0.100(4) and 0.180(5) exhibit a "dip" around 10 K and 8 K, respectively, as shown in Figs. 2(e) and 2(f), corresponding to the diamagnetic response due to the superconducting transition as suggested by the resistivity data shown in Fig.1 . However, negative susceptibility is not achieved in these two samples due to the dominant effect of well-developed strong ferromagnetism of Eu at low temperature, as revealed by the neutron diffraction presented below and that reported in Ref. 22 . This is different from the ferromagnetic superconductors EuFe 2 (As 0.85 P 0.15 ) 2 and Eu(Fe 0.88 Ir 0.12 ) 2 As 2 , 34, 35 as for them the superconducting transition occurs at a temperature (25 K or 22 K) higher than the Curie temperature (19 K or 17 K) where it is easier to observe the negative susceptibility above 20 K in the paramagnetic background of Eu. For x = 0.075 (2) , no such a dip in χ c is discernible ( Fig. 2(d) ) although a sudden drop of its resistivity was also observed as shown in Fig. 1 , indicating a small superconducting volume in this sample. Therefore, we only refer the crystals with x = 0.100(4) and 0.180(5) as the superconducting samples.
III. EXPERIMENTAL RESULTS
The low-temperature molar specific heat of the Eu(Fe 1−x Co x ) 2 As 2 single crystals, as shown in Fig. 3 , clearly exhibits the evolution of the ordering temperature of the Eu 2+ moments (T Eu ) as a function of the Co doping level (see also Table 1 ). T Eu , well determined from the peak position of the first derivative of the specific heat to temperature (-dC /dT , the inset of Fig. 3 ), gets suppressed to the minimum value of 16.5(1) K for x = 0.100(4) and then increases again to 17.0(1) K for x = 0.180(5), consistent with the results from the magnetic susceptibility measurements presented above. However, due to dominant contributions from both the phonons and the magnetic order of the Eu 2+ moments to the specific heat at low temperature, the expected anomaly at the superconducting transition for x = 0.100(4) and 0.180(5) can be hardly resolved.
The ground state magnetic structures of the Eu 2+ spins in Eu(Fe 1−x Co x ) 2 As 2 with different Co doping levels are comprehensively investigated by single-crystal neutron diffraction and illustrated in Fig. 4 , which will be discussed in details below.
As shown in Fig. 5 , for the first three compositions with the Co doping level (x ) less than 6%, the ground-state magnetic structure of the Eu 2+ moments resembles that of the parent compound. At the base temperature, the localized Eu 2+ spins order in the A-type AFM structure (ferromagnetic ab planes stacking antiferromagnetically along the c direction, see Fig. 4(a) ) and there is no net ferromagnetic component along the c axis, since there is no magnetic contribution superimposing on the (2, 0, 0) nuclear reflection, as shown in (6) • (at 2 K) and~65
• (at 4 K), respectively.
5(d) and 5(g).
The temperature dependences of the integrated intensity (at HEIDI and TriCS) or peak intensity (at DNS) of the (0, 0, 3) reflection are plotted in Fig. 5 (c), 5(f) and 5(i), for x = 0.014(2), 0.027(2) and 0.053(2), respectively. It is evident that T N (marked by the dashed lines) gets suppressed continuously upon the Co doping, from 18.4(1) K for x = 0.014(2), to 18.1(1) K for x = 0.027(2), then to 17.5(1) K for x = 0.053(2), well consistent with that determined from both magnetic susceptibility and specific heat measurements. With further increase of the Co doping level, the magnetic ground state of the Eu 2+ spins starts to differ from the Atype AFM structure. For the single crystal with x = 0.075(2), as shown in Fig. 6(b) , rocking-curve scans on diffractometer D23 reveal that the (2, 0, 0) reflection gets remarkably enhanced at 2 K, indicating considerable ferromagnetic (FM) contribution from the Eu 2+ moments. However, they are not purely ferromagnetically aligned along a unique crystallographic direction, as was observed for heavily doped crystal with x = 0.180 (5), 22 since the (0, 0, 3) antiferromagnetic reflection is still present at 2 K (Fig. 6(a) ). The integrated intensities of (0, 0, 3) and (2, 0, 0) peaks are plotted as a function of temperature in Fig. 6(c) . Upon cooling, the antiferromagnetic and ferromagnetic contribution set in below the same temperature (T N = T C = 17.0(2) K), which is slightly lower compared to T N = 17.5(1) K for x = 0.053 (2) . The integrated intensities of a set of nuclear and strong magnetic reflections collected at 25 K and 2 K, respectively, were refined using FULLPROF 37 after necessary absorption correction using DATAP. 38 With an A-type canted AFM model, in which the Eu 2+ moments on adjacent Eu layers order antiferromagnetically along the orthorhombic a axis but yield a net ferromagnetic component along the c axis (see Fig. 4(b) ), the intensities of the collected magnetic reflections can be well fitted. The Eu 2+ spins are found to be canted with an angle of 23.8 (6) • out of the ab plane with the moment size of 6.22(3) µ B . Using the same Eu 2+ moment size, we calculated the intensities of the magnetic reflections for the A-type AFM structure or the pure FM structure along the c axis. As shown in Fig. 6(e) , both models can not account for all the observed magnetic reflections for x = 0.075(2) while the A-type canted AFM structure shown in Fig. 4(b) can reproduce the observed intensities of all reflections. Moreover, in Fig. 6(c) , the integrated intensities of the (2, 0, 0) and (0, 0, 3) reflections show different temperature dependences, suggesting that the canting angle of the Eu 2+ moments might change with temperature. After subtracting the nuclear contributions, we have calculated the ratio of the net magnetic scattering intensities between the (2, 0, 0) and (0, 0, 3) reflections, R = I M (2, 0, 0)/I M (0, 0, 3), and the canting angle of the Eu 2+ moments, respectively. As shown in Fig. 6(d) , below the ordering temperature of the Eu 2+ moments, the R value increases upon cooling, corresponding to a smooth rotation of the Eu 2+ spins out of the ab plane with temperature, from~20
• around 15 K to~25
• at the base tempearture.
Futhermore, the magnetic ground state of superconducting Eu(Fe 1−x Co x ) 2 As 2 with x = 0.100(4) (T SC = 10 K) was investigated by polarized neutron diffraction on spectrometer DNS. The polarization of incident neutrons was aligned along 
and dσ dΩ
respectively, where M * ⊥Y M ⊥Y and M * ⊥Z M ⊥Z are the components of the magnetization parallel and perpendicular to the scattering plane, respectively, with Y being perpendicular to , 3) , and the canting angle of the Eu 2+ moments, respectively.(e) Comparison between the observed intensities of the collected magnetic reflections at 2 K (black spheres), the fitted intensities using the A-type canted AFM structure (red squares), the calculated intensities using the A-type AFM structure (blue diamonds) or the pure FM structure along the c axis (green triangles), respectively. The observed intensities for (1, 1, 1), (2, 0, 0) and (3, 1, 1) reflections are the net magnetic contributions at 2 K after subtracting the nuclear contributions at 25 K. the scattering wavevector Q . N * N denotes the coherent nuclear scattering, and I SI denotes the total spin incoherent scattering.
Figures 7(a) shows a reciprocal space contour map at T = 3.5 K obtained for the single crystal of Eu(Fe 1−x Co x ) 2 As 2 with x = 0.100(4) in the SF channel under z -polarization. The   (0, 0, 1), (0, 0, 3) and (0, 0, 5) reflections arise from the antiferromagnetic alignment of the Eu 2+ moments on adjacent Eu layers along the crystallographic a axis, similar to those observed for other samples with smaller Co concentrations as described above. However, the strong nuclear Bragg reflections (0, 0, 2) and (0, 0, 4), which should only appear in the NSF channel, become also visible in the SF channel. This results from the depolarization of the neutrons due to strong ferromagnetism from the Eu as explained below and thereby the imperfect flipping ratio correction. Fig. 7(b) presents the integrated intensities of the (0, 0, 2) reflection in the SF (orange circles) and NSF channels (green circles) as a function of temperature. The intensity in the SF channel exhibits a order-parameter-like behavior below ∼16.5 K and that in the NSF channel drops continuously below the same temperature upon cooling, clearly revealing the depolarization of neutrons below 16.5 K. The total intensity of (0, 0, 2) (blue circles), which is the sum of the intensities in both channels, however, stays constant with temperature within the error bars, excluding possible ferromagnetic contribution on (0, 0, 2) reflection. In addition, both the (2, 0, 0) and (2, 0, 2) reflections appear in the SF channel, although they seem to be weaker compared with the (0, 0, L) reflections due to the stronger absorption effect. Since the nuclear scattering for (2, 0, 0) is extremely weak, the appearance of it in the SF channel can not be attributed to the neutron-depolarization effect but should be intrinsic. This means that there is some net ferromagnetic component of the Eu 2+ moments along the c-axis, which depolarizes the neutrons. Therefore, the magnetic ground state of Eu(Fe 1−x Co x ) 2 As 2 with x = 0.100(4) is also a canted AFM structure, resembling that of x = 0.075 (2) . Upon cooling, the antiferromagnetic and ferromagnetic contribution again set in below a same temperature (T N = T C = 16.5(2) K), as determined from the temperature dependences of the (0, 0, 3) and (2, 0, 0) reflections shown in Fig. 7(c) . In contrast to the compound with x = 0.075(2), the integrated intensities of the two reflections show very similar temperature dependences. The ratio of the magnetic scattering intensities in the SF channel between the (2, 0, 0) and (0, 0, 3) reflections, R = I ZSF (2, 0, 0)/I ZSF (0, 0, 3), was calculated at different temperatures below the transition and shown in Fig. 7(d) . The R value stays almost constant within the error bars, indicating a stable canting angle of the Eu 2+ moments with the change of the temperature. The canting angle of the Eu 2+ spins out of the ab plane can be estimated according to the magnitude of the net ferromagnetic contribution on the nuclear scattering part of the (2, 0, 2) reflection. The rocking-curve scans of the (2, 0, 2) reflection at 4.1 K and 25 K in the SF and NSF channels are shown in Fig. 7 (e) and 7(f), respectively. It is evident that the (2, 0, 2) reflection, which has a strong contribution from the nuclear scattering, also suffers from the depolarization effect. By suming the integrated intensity in the SF and NSF channels, the total integrated intensity of the (2, 0, 2) reflection is plotted as a function of the temperature in Fig. 7(g) . In contrast to the (0, 0, 2) reflection [ Fig. 7(b) ], the total intensity of (2, 0, 2) increases by∼ 17.5% below 16.5 K, due to ferromagnetic ordering of the Eu 2+ moments and displays a typical behavior expected for a magnetic order pa-rameter. Assuming that the moment size of the Eu 2+ spins is 6.2 µ B , same as the value for x = 0.075(2) (see the text above) and x = 0.180(5) (see Ref. 22 ) , the ratio between the ferromagnetic contribution and the nuclear scattering for the (2, 0, 2) reflection within the A-type canted AFM model can be quantitatively calculated as a function of the canting angle. As shown in Fig. 7(h) , a ratio of 17.5% (black sphere) corresponds to a canting angle of ∼65
• off the ab plane. The ground state magnetic structure of Eu(Fe 1−x Co x ) 2 As 2 with x = 0.100(4) determined here is illustrated in Fig. 4(c) .
The ground-state magnetic structure of superconducting Eu(Fe 1−x Co x ) 2 As 2 with x = 0.180(5) (T SC = 8 K) was determined in Ref. 22 by unpolarized single-crystal diffraction measurements on diffractomter TriCS. The antiferromagnetic order of the Eu 2+ spins observed in other samples with smaller Co concentration as presented above was found to be completely suppressed for x = 0.180(5) and a pure ferromagnetic alignment of the Eu 2+ moments along the c direction was revealed there well below the Curie temperature T C = 17 K, as shown in Fig. 4(d) .
In Summary, Figure 4 illustrates how the ground-state magnetic structure of Sn-flux grown Eu(Fe 1−x Co x ) 2 As 2 single crystals evolves with the increase of the Co concentration. For x 0.053, the Eu 2+ moments keep the alignment within the ab plane in the A-type AFM order. Upon further increase of the Co doping level, the Eu 2+ spins start to rotate toward the c axis within the ac plane, exhibiting the A-type canted AFM structure with a net FM moment component along the c direction. At base temperature, the canting angle of the Eu 2+ spins out of the ab plane increases with Co doping, from 23.8 (6) • for x = 0.075(2), to ∼65
• for x = 0.100(4), finally to 90
• for x = 0.180(5) showing a pure FM order. This development of the magnetic ground state of localized Eu 2+ moments with Co doping, starting from the A-type AFM order, through the A-type canted AFM structure, to a pure FM order, is quite similar to the behavior observed in the perovskite magnanese oxides La 1−x Sr x MnO 3 two decades ago. 39 The A-type canted AFM structure with some net FM magnetic component was reported there to be the magnetic ground state for the compositions with intermediate Sr doping level. However, the AFM and FM components display well seperated ordering temperatures in La 1−x Sr x MnO 3 , in contrast to the coincident AFM and FM transitions observed in Eu(Fe 1−x Co x ) 2 As 2 with x = 0.075(2) and x = 0.100(4).
In addition, similar to other doped 122 compounds, the SDW transition of the Fe moments is gradually suppressed by Co doping, as shown in Fig. 8 . The peak intensity of the (1, 0, 3) or (1, 2, 1) magnetic reflection, measured on DNS or TriCS, is used as the order parameter associated with the Fe-SDW transition for x = 0.014(2) and 0.180 (5) 22 , respectively. For x = 0.027(2) and 0.075(2), the integrated intensity of the (1, 0, 3) reflection measured on HEiDi or D23, respectively, is used instead. 40 The transition temperature, T SDW , is suppressed to 182(1) K, 173(2) K, 149(1) K, and 70(2) K, by 1.4%, 2.7%, 7.5%, and 18% Co substitution, respectively. Previous neutron diffraction measurement revealed that the moment size of Fe is significantly suppressed, from 0.98(8) µ B in the parent compound to ∼0.15(1) µ B with x = 0.180(5). 22 It is worth (5), respectively. For x = 0.027(2) and 0.075(2), the integrated intensity of the (1, 0, 3) reflection measured on HEiDi or D23 is shown instead. 40 The solid lines are guides to the eye.
noting that the temperature dependencies of the (1, 0, 3) peak show a kink around T Eu for the very underdoped compositions with x = 0.014(2) and 0.027(2), suggesting a possible interplay between the Fe and Eu sublattices. In addition, for x = 0.180(5), the behavior that the (1, 2, 1) reflection shows a maximal intensity around its superconducting transition temperature, T SC , indicates the competition between SC and the SDW order of Fe, as discussed in details in Ref. 22 .
IV. DISCUSSION AND CONCLUSION
Combining the results of both macroscopic (the resistivity, magnetic susceptibility and specific heat) and microscopic (neutron diffraction) measurements, we have established the phase diagram of Sn-flux-grown Eu(Fe 1−x Co x ) 2 As 2 single crystals. As shown in Fig. 9 , both the structural phase transition (T S , determined from resistivity measurements) and the SDW transition of Fe (T SDW , determined from neutron diffraction) get continuously suppressed by Co doping. Nevertheless, both of them are still present up to the Co concentration of 18%. The two transitions become split with increasing doping level, similar to that in Ba(Fe 1−x Co x ) 2 As 2 . 41, 42 On the other hand, the magnetic ground state of the Eu 2+ spins shows a systematic evolution with Co doping. Consistent with previous studies on Eu(Fe 1−x Co x ) 2 As 2 using Mössbauer spectroscopy and magnetic torque, 19, 43 the magnetic ground state of the Eu 2+ moments is found to depend strongly on the Co doping level. For relatively low Co doping levels (the area in red), the ground-state magnetic structure of Eu is the Atype AFM structure (Fig. 4(a) ) without any net FM moment component, similar to that of the parent compound. For high Co doping levels (the area in blue), the Eu 2+ moments align in the pure FM order along the crystallographic c axis (Fig.  4(d) ). In the intermediate doping levels (the area in gradient colors), the Eu 2+ spins rotate gradually off the ab plane and form the A-type canted AFM structure, yielding a net FM moment component along the c direction (Figs. 4(b) and 4(c) ). The ordering temperature of the Eu sublattice, T Eu , declines linearly at first, and then reverses upwards after reaching a minimum value of 16.5(2) K around x = 0.100 (4) . Note that T Eu reaches 39 K for the end member EuCo 2 As 2 (x = 1), as reported by Ballinger et al. 33 The tendency how T Eu develops with Co doping resembles that in EuFe 2 (As 1−x P x ) 2 system, 16, 24, 44 where a "dip" or a minimum was also observed in the T Eu − x curve. The change of the magnetic ground state and the ordering temperature of the Eu sublattice probably arises from the combined effects of the doping-induced modification of the indirect Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction between the Eu 2+ moments, which is mediated by the conduction d electrons on the (Fe,Co)As layers, [45] [46] [47] [48] as well as the change of the strength of the direct interaction between the Eu 2+ and Fe 2+ moments. As the RKKY interaction depends on the interlayer distance of the Eu 2+ moments as well as the details of the Fermi surface, it is therefore expected that by introduction of electron charge carriers and the contraction of the c lattice constant due to the substitution of Co for Fe, 49 both the strength and the sign of the RKKY exchange coupling can be significantly modified. In addition, the effect due to the change of the Eu-Fe coupling strength tuned by Co doping can not be neglected, since a lot of experimental evidences have revealed a considerable interplay between the localized Eu 2+ spins and the conduction electrons on the FeAs layers in doped EuFe 2 As 2 .
17,27,32,50 .
In addition, in the phase diagram of Sn-flux-grown Eu(Fe 1−x Co x ) 2 As 2 single crystals, there is a regime (0.10 x 0.18, in green color) where strong ferromagnetism from the Eu sublattice is well developed in the superconducting state. Such coexistence of strong ferromagentism and superconducivity was also observed in other doped EuFe 2 As 2 compounds including EuFe 2 (As 1−x P x ) 2 , 10, 34, 51 Eu(Fe 1−x Ru x ) 2 As 2 , 12 and Eu(Fe 1−x Ir x ) 2 As 2 . 13, 35, 52 Interestingly, in the phase diagram shown in Fig. 9 , the onset of superconductivity seems to accompany the formation of strong ferromagnetism. It is intriguing how the two competing phenomena reach a compromise in these compounds. As one possible solution of this puzzle, the existence of a spontaneous vortex state was suggested. 12 However, direct evidences for such a state are still lacking and additional measurements such as small angle neutron scattering (SANS) are planned.
In summary, the magnetic ground state of the Eu 2+ moments in a series of Eu(Fe 1−x Co x ) 2 As 2 single crystals grown from the Sn flux has been investigated by neutron diffraction measurements. Combined with the results from the macroscopic properties (resistivity, magnetic susceptibility and specific heat) measurements, a phase diagram describing how the Eu 2+ magnetic order evolves with Co doping is established. The ground-state magnetic structure of the Eu 2+ spins is found to develop from the A-type antiferromagnetic (AFM) order in the parent compound, via the A-type canted AFM structure with some net ferromagnetic (FM) moment compo- nent along the crystallographic c direction at intermediate Co doping levels, finally to the pure FM order at relatively high doping levels. The ordering temperature of Eu declines linearly at first, reaches the minimum value of 16.5(2) K around x = 0.100(4), and then reverses upwards with further Co doping. The doping-induced modification of the indirect RKKY interaction between the Eu 2+ moments, which is mediated by the conduction d electrons on the (Fe,Co)As layers, as well as the change of the strength of the direct interaction between the Eu 2+ and Fe 2+ moments, might be responsible for the change of the magnetic ground state and the ordering temperature of the Eu sublattice. . In addition, for Eu(Fe 1−x Co x ) 2 As 2 single crystals with 0.10 x 0.18, strong ferromagnetism from the Eu sublattice is well developed in the superconducting state, where a spontaneous vortex state is proposed to account for the compromise between the two competing phenomena.
